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Abstract 
The decorative materials with external insulation release a large amount of smoke and heat in fires, and cause severe hazard and losses to 
human beings and properties. In this paper, the combustion characteristics of polyurethane-aluminum composite material, including 
ignition time, heat release rate, mass loss rate, concentration of gas components and other parameters, are studied and analyzed under six 
different heat fluxes, namely 25, 30, 35, 40, 45 and 50 kW/m2, with cone calorimeter to investigate the combustion performance of the 
material. The results show that the heat release rate reaches a minimum value under a flux of about 30 kW/m2. The curve trends of CO 
and CO2 concentrations, mass loss rate and heat release rate over time are similar, whereas the concentration of O2 changes inversely. 
Based on the experimental data, the classic formula between ignition time and radiation heat flux of thermally thick material can be used 
to predict the pyrolysis process of polyurethane-aluminum composite materials successfully, but the critical heat flux cannot be predicted. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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1. Introduction 
Pyrolysis of combustible solid is the initial stage of fire, providing the necessary gas phase and solid phase environment 
for triggering the combustible ignition and maintaining the subsequent fire spread. Pyrolysis and ignition processes play a 
very important role in the combustible occurrence and development. To some extent, thorough understanding the 
mechanism of pyrolysis and ignition plays a crucial role in understanding the subsequent smoldering, flame spread, fire 
development and other fire processes. Therefore, in-depth study of pyrolysis and ignition characteristics has important 
significance on preventing and controlling the occurrence and development of fire. 
Domestic and foreign scholars have done a large number of experimental simulations and theoretical researches. Wu and 
Harada [1] studied the combustion performance of plantation wood. Zhang and Xue [2] studied the effects of heat release 
rates of combustion of the larch in different thermal radiations. All of them found two peaks of heat release rate in the 
combustion process. Ji et al. [3] conducted the experiment of combustion performance, and there was a linear relationship 
between mean heat release rate and intensity of radiation. Peng et al. [4] studied the heat release rate of white organic glass, 
cypress, sweet annatto, and found an approximately linear relationship between the heat release rate of the same material 
and intensity of the external radiation for the radiation intensity being greater than 30 kW/m2. The experiment of the heat 
release rate of mahogany thick, southern pine, red oak and linden showed the burning rate increased linearly with the 
increase of heat flux between 15-55 kW/m2. 
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The external insulation for decorative material is effective to prevent the heat loss of buildings, and it plays an important 
role in building energy saving. But in recent years, a number of major fire accidents were caused by the burning of external 
wall thermal insulation materials, and public attention was thoroughly aroused for its importance [5]. Many domestic and 
foreign scholars studied various properties of thermal insulation material. Song [6] studied the bending capacity of the metal 
skinned sandwich panel and conducted fire forces analysis. Chow [7] studied the ignition characteristics of polyurethane 
sandwich panels of the temporary accommodation units under the lower and higher heat fluxes. Stec and Hull [8] studied 
the smoke toxic aspects of building thermal insulation material. Rychly et al. [9] assessed the progress of degradation in 
polyurethanes by chemiluminescence and used differential scanning calorimetry (DSC) and thermogravimetric (TG) 
methods to make the thermal analysis. Berta et al. [10] studied the molecular weight of the polyurethane and its function on 
effect of combustion performance of polyurethane. However, study on the combustion characteristics of the external 
thermal insulation materials was relatively few. To study the fire occurrence and the law of development of thermal 
insulation material on fire and establish relevant theoretical models, the combustion characteristics of thermal insulation 
material, such like the time to ignition, heat release rate, mass loss rate, as well as toxic and harmful gases produced by 
burning, should be understood firstly. 
In this paper, the cone calorimeter using the ISO5660 standard was used to study the ignition time, the heat release rate, 
mass loss rate and component concentration of the pyrolysis gas of the polyurethane-aluminum composite plates under 
different heat fluxes to determine the combustion performance of the material. 
2. Experimental system and procedure 
2.1. Cone calorimeter 
Cone calorimeter is often used to investigate the combustion characteristics of material by the experimental obtained 
parameters such as HRR (Heat release rate), MLA (Mass loss rates), SPR (Smoke production rate), Time to Ignition, SEA 
(Specific extinction area), EHC (Effective heat of combustion) etc. [11-13]. The data measured by cone calorimeter has high 
accuracy, and can provide relevant scientific explanation. Recently, ISO5660, USA ASTME1354 standard, and standards in 
some other countries have determined cone calorimeter method as a standard test method to conduct combustion 
performance testing of materials. 
2.2. Sample 
Polyurethane-aluminum composite plate produced by the Anhui RoBa Energy Technology Co. Ltd was as sample in this 
experiment. Its surface is made up of aluminum which is covered with a fluorine-oxygen and carbon paint layer, thickness 
of 0.5 mm, mainly for decoration, equipped with premium features including good weather resistance, corrosion resistance, 
and self-cleaning. The middle layer is made up of rigid polyurethane foam, with a thickness of 40 mm, thermal conductivity 
  0.024 W/m•K, and excellent thermal insulation properties. It has an 0.06 mm thick aluminized inner, whose major role is 
to prevent the proliferation of polyurethane foam and easy to aging, to ensure the insulation effect of the plate. The thermal 
resistance is 2.09 m2•K/W (the plate thermal resistance of 1.69 m2•K/W, the air layer thermal resistance of 0.4 m2•K/W), the 
heat transfer coefficient K=0.48 W/m2• K (Fig. 1). 
In accordance with the Standard of cone calorimeter, the dimension of sample surface exposed to radiation source is 100 
mm × 100 mm, the thickness of the original material is 40 mm. 
2.3. Experimental procedure 
To reduce the heat loss of materials at the bottom and all around during the experiment, and ensure one-dimensional heat 
transfer, asbestos wrapped with aluminum foil at the bottom and around the sample, placed in the sample holder of cone 
calorimeter. The experiment was divided into six groups with the external irradiance being 25 kW/m2, 30 kW/m2, 35 kW/m2, 
40 kW/m2, 45 kW/m2 and 50 kW/m2, respectively. In each case three repeated trials were performed, and the average 
experimental data was used. The ambient temperature was set at 26±3 °C, with the air humidity of 50%. Before the 
experiment, the radiation source was turned on and adjusted to a specified heat flux, following which the data acquisition 
system was turned on, when the heat flux became steady. The sample was put under radiation source, and the spark-pilot 
was located over the sample center of 20 mm. Then the experiment began. The spark-pilot was removed as soon as the 
samples were ignited. The entire combustion process was monitored until the extinction. 
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Fig. 1. The physical structure of Polyurethane-aluminum composite plate. Fig. 2. The sample inner after combustion under heat flux of 45 kW/m2.
3. Experiment results and analysis 
At the beginning, the aluminum surface layer of the sample did not change, while the underlying polyurethane foam 
began to undergo pyrolysis and charring, accompanied by a large amount of flammable gas generation. When ignited, the 
fuels were burning fiercely, accompanied by slight burning sound at high radiation intensity. At the end of combustion, 
none of the aluminum surface was burning. Varying degree of deformation was found at the top aluminum surface of 
samples due to the different thermal expansion rates of virgin materials and surface tension. Fig. 2 shows the sample inner 
after combustion under the heat flux of 45 kW/m2. After burning, tapped the samples gently, six groups of the aluminum 
alloy plate were shedding. The heat fluxes of 25 kW/m2, 30 kW/m2, 35 kW/m2 were set as low heat flux, and the ignition 
time of samples at these three experiments was relatively long. The polyurethane foam was not burn up at the end of the 
combustion. The heat fluxes of 40 kW/m2, 45 kW/m2, 50 kW/m2 were set as high heat fluxes, and the ignition time of 
samples was relatively short. The polyurethane was almost entirely charring at the end of the combustion. The color of the 
aluminum foil from silvery turned to be gold. The rigid polyurethane was charring and expansion, leading to the layers 
being apart at the heat flux of 50 kW/m2. Six groups of samples had different degrees of charring, the higher the heat flux 
was, deeper the charring degrees were. 
3.1. Ignition time 
According to the experimental data, the ignition time of six group experiments under different heat fluxes were: 116 s, 68 
s, 52 s, 38 s, 30 s, 28 s (Table 1). The results indicate that the sample needs a long time to ignite under heat flux of 25 
kW/m2, the ignition time is reduced with the increase of heat flux, accompanied by a decrease rate. Their trends were similar 
to the ignition time between ignition time and the heat flux of wood [14]. For thermal thick materials, the relationship can 
be expressed as [15, 16]: 
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here, ignt  is ignition time; ''0q  is heat flux; 
''
_cr stdq  is critical ignition heat flux under standard atmospheric pressure; ck  
is material thermal conductivity; cρ  is material density; ,p cc  is heat capacity; ignT  is ignition temperature (specific 
materials as constant); T
∞
 is ambient temperature; β  is correction factor (constant). A linear relationship exists between 
the derivative of square root of ignition time and the heat flux. Experimental data 1 tign ~ ''0q  diagram of heat flux, then 
the linear fitting, shown in Figure 3, and Figure 4 showed the fitting curve of the relationship between the heat flux and 
ignition time. If the ignition time tends to be infinite which means that the left and right of the equation is equal to zero, the 
critical heat flux can be obtained, and the intersection point of the fitting line and the horizontal axis is the critical heat flux. 
The black point in the figure is the ignition time obtained by Dai [17] by radiation pyrolysis of pine under standard pressure. 
The critical heat flux of pine obtained is 17.2 kW/m2, with good linear fitting results of ignition time and heat flux. When 
polyurethane-aluminum composite plate was on fire, the linear fitting result of ignition time and heat flux is also very good. 
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However, the intersection point of fitting line and horizontal axis close to the origin, so critical heat flux tends to be zero, 
but it is obviously unreasonable. The result indicates that predicting material fire performance using the classical equation of 
charring material ignition and radiation heat flow is so unreliable that further research is needed. 
Table 1. The relationship between heat flux and ignition time
Heat Flux(kW/m2) 25 30 35 40 45 50
Ignition time(s) 116 68 52 38 30 28
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Fig. 3. Plotting ignition time rise to the −0.5 power versus the irradiance. Fig. 4. Fitting curve of the relationship between heat flux and ignition 
time. 
3.2. Heat release rate 
The HRR was an important risk parameter for fire study. Fig. 5 showed the HRR under different heat fluxes, and it 
indicated that the oscillation of six groups was similar. While it was ignited, the material burned fiercely, the heat release 
rate increased by nearly straight lines, reached the peak point rapidly (Fig. 6 showed the time to peak HRR under different 
heat fluxes), then declined slower, and followed by a non-obvious peak point, but which was more obvious at 25 kW/m2. 
With the slowdown of the combustion, HRR dropped to trough, and followed by a nearly stable state for which the value of 
HRR almost did not change. In summary, the laws of combustion under different heat fluxes are similar, the higher the heat 
flux is, the more fierce combustion is, and the faster it is ignited, the shorter time to peak HRR is, the more total heat release 
is. 
The mean HRR could be used to evaluate the heat release of the whole combustion procedure. Figs. 7-9 indicate that the 
lowest point of peak HRR and the Mean HRR was around the heat flux of 30kW/m2. It took a long time to be ignited under 
25 kW/m2, and spent 146 s reaching the peak HRR. Before the ignition, the most internal moisture of the specimen 
evaporated, the produced volatile gases changed the internal structure of the sample. Once ignited, material decomposition 
rate increased, and released large amounts of combustible gases which had low water content. It was the reason that the 
HRR is higher under the heat flux of 25 kW/m2 than 30 kW/m2. Time to peak HRR was close to each other at high heat 
fluxes (40, 45, 50 kW/m2). 
3.3. Mass loss and mean mass loss rate 
The mass loss is an important parameter to measure flue gas and heat produced by combustion [18-20]. Fig. 8 indicates 
that the combustion process can be divided into three stages. The first stage was heating stage, the second stage was 
continuous combustion stage and the third stage was extinguished stage. Each stage of the weight loss rate is not the same. 
There was a little mass loss before the material was ignited. Once ignited, the mass loss was very obvious until the burning 
was extinguished. The mass of material hardly changed in the last stage. The mean mass loss rate was an important 
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parameter to reflect the state during combustion of material. Fig. 9 shows that the lowest point of mean mass loss rate was 
around 30 kW/m2. 
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Fig. 5. Heat release rate under different heat fluxes. Fig. 6. The time to peak HRR under different heat fluxes. 
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Fig. 7. Peak heat release rate and mean heat release rate under different heat 
fluxes. 
Fig. 8. Mass loss carve under different heat fluxes. 
3.4. Concentration of gas components 
The toxic and harmful gases (such as CO, HCN) are one of the main factors causing casualties. When the concentration 
of CO is over 100 ppm and CO2 is over 2000 ppm in air, it will be harm for human’s health. So the study of Polyurethane-
aluminum alloy plate production gas combustion characteristics is of great significance. Figs. 10-12 show the curves of 
volume fraction of O2, CO and CO2 vs time. The trends of volume fraction of CO, CO2 and heat release rate are similar, 
whereas the O2 concentration changes inversely. 
It can be seen in the Fig. 10 that the concussive trend of the curve in the six cases is similar. In the early stage of the test, 
the content of oxygen is set to be the same as that in the air. After the ignition, the content of oxygen declines quickly to the 
wave troughs in the nearly straight line. With the combustion slows down, the content of oxygen rises slowly. After the 
burning, the content of oxygen is basic balanced to the initial condition. The higher radiation intensity is, the lower the 
volume fraction of oxygen in the wave troughs is. It is shown the minimum volume fraction of carbon dioxide and the 
maximum volume fraction of carbon monoxide and carbon dioxide under the different radiation conditions by Table 2. From 
Figs. 11-12, it is clear that the curves of carbon dioxide and carbon monoxide are quite similar. With the increase of 
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radiation intensity, the volume fraction of carbon dioxide and carbon monoxide in the wave crests heightens. 
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Fig. 9. Mean mass loss rate under different heat fluxes. Fig. 10. The volume fraction of O2 versus time. 
Table 2. The minimum volume fraction of O2 and the maximum volume fraction of CO 
and CO2 under different heat fluxes 
Heat flux/kW/m2 25 30 35 40 45 50 
O2min,v/10-3 204.887 205.507 203.723 202.354 201.995 200.919 
COMAX,V/10-3 0.201 0.247 0.412 0.695 0.719 0.729 
CO2MAX,V/10-3 2.472 2.831 3.717 4.854 5.097 6.026 
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Fig. 11. The volume fraction of CO versus time. Fig. 12. The volume fraction of CO2 versus time. 
4. Conclusions 
(1) Based on the fundamental research, the combustion characteristics of polyurethane-aluminum composite plates, 
representative of the external insulation and decorative materials, was studied. With cone calorimeter, the experimental 
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data was verified to be credible and accurate, and the validity of the experimental results has been scientifically 
explained. 
(2) Three stages of the combustion process of polyurethane - aluminum composite plate were found: the heating stage, 
continuous combustion stage and extinction stage. 
(3) With increasing heat flux, the ignition time decreases with a decreasing rate. A linear relationship exists between the 
derivative of square root of ignition time and the heat flux. 
(4) The lowest point of the peak heat release rate and mean heat release rate of the material was around at the heat flux of 30 
kW/m2. The classic formula between ignition time and radiation heat flux of thermally thick materials can be used to 
predict the pyrolysis process of polyurethane-aluminum composite materials successfully, but not critical heat flux. 
Further study is need. 
(5) The mean heat release rate and the heat flux can be correlated by a linear relationship when the heat flux was over 30 
kW/m2. The curve trends of CO and CO2 concentrations, mass loss rate and heat release rate over time are similar, 
whereas the concentration of O2 changes inversely. Analysis the linear relationship between the curve and time, and 
each curve, adjust the size, analysis the size effect of materials combustion, to determine the important parameters in 
fire, will be the focus of future work. 
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